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Abstract
Cyanobacterial photosystem (PS) I is remarkably similar to its counterpart in the chloroplast of plants and algae.
Therefore, it has served as a prototype for the type I reaction centers of photosynthesis. Cyanobacterial PS I contains 11^12
proteins. Some of the cyanobacterial proteins are modified post-translationally. Reverse genetics has been used to generate
subunit-deficient cyanobacterial mutants, phenotypes of which have revealed the functions of the missing proteins. The
cyanobacterial PS I proteins bind cofactors, provide docking sites for electron transfer proteins, participate in tertiary and
quaternary organization of the complex and protect the electron transfer centers. Many of these mutants are now being used
in sophisticated structure^function analyses. Yet, the roles of some proteins of the cyanobacterial PS I are unknown. It is
necessary to examine functions of these proteins on a global scale of cell physiology, biogenesis and evolution. ß 2001
Published by Elsevier Science B.V.
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1. Introduction
Cyanobacterial photosystem I (PS I) mediates the
light-induced electron transfer from plastocyanin on
the luminal side to ferredoxin on the cytoplasmic side
of thylakoids [1]. The PS I complexes of cyanobac-
teria, algae and plants are remarkably similar. Their
reaction mechanisms are highly conserved [2] and so
are the primary sequences of PS I proteins [3].
Although the three-dimensional structure of plant
PS I is not known, it is expected to be similar to
the cyanobacterial PS I complexes. When studied
by electron microscopy of two-dimensional crystals
formed at the grana margins of thylakoid mem-
branes, higher plant PS I complexes show several
structural similarities to the cyanobacterial PS I com-
plex, with a prominent ridge on the stromal side of
the complex [4].
Despite the remarkable conservation, there are
some di¡erences between the cyanobacterial and
chloroplast PS I complexes. First, the higher order
organization of the PS I complexes is di¡erent in
cyanobacteria and chloroplasts. The plant and algal
PS I complexes associate with membrane-bound
light-harvesting complexes (LHC I) and can be iso-
lated as core complexes or holocomplexes (the PS I
complex along with LHC I). Cyanobacteria do not
contain membrane-bound LHC I complexes. Second,
chloroplast and cyanobacterial PS I complexes have
di¡erences in their subunit composition regarding
some accessory proteins. Eukaryotic PS I contains
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three additional proteins. PsaG is an integral mem-
brane protein with two transmembrane regions [5].
Its primary sequence shows homology to that of
PsaK [5], which is found in both cyanobacteria and
chloroplasts. PsaH and PsaN are peripheral proteins
on the stromal and luminal side of PS I, respectively
[6]. In contrast, the presence of PsaM, a 3 kDa hy-
drophobic protein, has been demonstrated only in
cyanobacterial PS I complexes. Lastly, the plant PS
I complexes are segregated from PS II complexes in
the thylakoid membranes of chloroplasts. PS I is
located mainly in the unstacked stroma lamellae,
where contact with the stroma provides easy access
to ferredoxin and NADP. PS II is located almost
exclusively in the closely stacked grana, whereas cy-
tochrome b6f complex is distributed uniformly
throughout the membrane [7]. In contrast, PS I com-
plexes in some cyanobacteria (e.g., Synechococcus sp.
PCC 7942) is distributed in a radial asymmetric fash-
ion, with higher concentration in the outermost thy-
lakoids of a cyanobacterial cell [8]. However, this is
not universally true for cyanobacteria; Synechocystis
sp. PCC 6803, for example, does not show radial
asymmetry [8].
Cyanobacteria provide many advantages in PS I
studies. The absence of membrane-bound light-har-
vesting complexes and the presence of trimeric qua-
ternary organization of PS I allows rapid puri¢cation
of PS I complexes that can be used in sophisticated
spectroscopic investigations. The genome of Synecho-
cystis sp. PCC 6803 is the ¢rst completely sequenced
genome of a photosynthetic organism. Since then,
genomes of additional cyanobacterial species have
been sequenced. This information and the availabil-
ity of reverse genetic system have allowed manipula-
tion of cyanobacterial genes for PS I proteins and for
biosynthesis of PS I cofactors.
The PS I complex of cyanobacteria contains 11^12
subunits (Table 1), 96 chlorophyll a molecules, 22 L-
carotenes, two phylloquinones, four lipids and three
[4Fe^4S] clusters [9]. PsaA and PsaB harbor the pri-
mary electron donor P700 (a dimer of chlorophyll a
molecules) and a chain of electron acceptors: A0
(chlorophyll a), A1 (phylloquinone) and FX (a
[4Fe^4S] cluster). The peripheral PsaC subunit binds
the terminal electron acceptors FA and FB, two [4Fe^
4S] clusters. PsaA/B and the other small integral sub-
units bind antenna chlorophyll a molecules. In this
issue, many articles discuss functions of the core pro-
teins (PsaA and PsaB) and of the PsaC subunit in
coordinating the redox centers of PS I. Therefore,
this article will focus on the other peripheral and
integral subunits of the cyanobacterial PS I.
2. Peripheral subunits of PS I
2.1. PsaD
The gene encoding the PsaD subunit (subunit II)
of PS I from Synechocystis sp. PCC 6803 was the
¢rst cyanobacterial PS I gene that was inactivated
by targeted mutagenesis [10]. The PsaD subunit is a
conserved peripheral protein on the reducing side of
PS I. PsaD has two major functions. First, it enables
the stability and proper assembly of PS I. In the
PsaD-de¢cient ADC4 mutant, PsaC and FA/FB clus-
ter are lost more readily after treatment with Triton
X-100 or with a chaotropic agent [11]. PsaD interacts
with the PS I core, PsaC, PsaE, and PsaL. The site-
directed mutagenesis study indicated that the basic
residues in the basic domain of PsaD are crucial in
the assembly of PsaD. The mutations in this domain
disturb the interaction between PsaD and PsaL,
thereby causing abnormal assembly of PsaL [12].
The PsaD-de¢cient mutant has reduced trimers due
to the loss of the interaction between PsaD and
PsaL. These interactions are critical in the protective
role of PsaD. Second, PsaD provides a ferredoxin
docking site [13,14]. The ferredoxin-mediated
NADP photoreduction is severely inhibited in the
membrane of PsaD-de¢cient mutant [14]. The ¢rst-
order reduction of ferredoxin cannot be observed in
PsaD-de¢cient mutant [15]. In general, PsaD is a
basic protein and thus able to interact with acidic
ferredoxin through electrostatic interactions [13].
The dissociation constant for the complex between
the PsaD-less PS I and ferredoxin at pH 8 is in-
creased 25 times as compared to the wild-type. How-
ever, the presence of fast kinetic components in the
electron transfer from the mutant PS I to ferredoxin
indicates that the relative positions of ferredoxin and
of the terminal PS I acceptor are not signi¢cantly
disturbed by the absence of PsaD. The second-order
rate constant of ferredoxin reduction is lowered 10-
fold for PsaD-less PS I. Assuming a simple binding
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equilibrium between PS I and ferredoxin, PsaD ap-
pears to be important for the guiding of ferredoxin
to its binding site (main e¡ect on the association
rate) [16].
Cross-linking study showed that K106 of PsaD
from Synechocystis sp. PCC 6803 can be cross-linked
to E93 in ferredoxin [13]. Site-directed mutagenesis
study revealed that K106 residue of PsaD from Syne-
chocystis sp. PCC 6803 is a dispensable site for fer-
redoxin docking [11]. Various mutations of H97
showed that the histidyl residue is involved in the
increased a⁄nity of PS I for ferredoxin when pH is
lowered. This histidyl residue could be central in reg-
ulating in vivo the rate of ferredoxin reduction as a
precise sensor of local proton concentration [15].
Since single site-directed mutations in the basic resi-
dues of PsaD do not alter electron transfer drasti-
cally [11,15], it is possible that the interaction be-
tween PsaD and ferredoxin contains several
alternative components or an overall electrostatic
¢eld may be more important than speci¢c interac-
tions between charged residues.
The availability of overproduced PsaD has al-
lowed studies of the structure of the free, unas-
sembled protein and of the assembly of PsaD into
the PS I complex. When the assembly of overpro-
duced PsaD was studied using microcalorimetry,
thermodynamic parameters associated with the as-
sembly of this protein into PS I could be determined
[17]. Circular dichroism spectroscopy revealed that
Synechocystis PsaD contains a small proportion of
K-helical conformation in its soluble form. Size-ex-
clusion chromatography, dynamic light scattering
and measurement of 15N transverse relaxation times
show that the unassembled PsaD protein of Nostoc
sp. is a stable dimer in solution, whereas there is only
one copy of PsaD per reaction center [18]. Nuclear
magnetic resonance (NMR) experiments showed that
the dimer is symmetrical and that each PsaD mono-
mer contains a central structured region and unstruc-
Table 1
Polypeptide subunits of PS I





PsaA Slr1834 83.0 (66) 7.44 No PS I in Synechocystisa mutants [64,65]
PsaB Slr1835 82.4(66) 6.46
PsaC Ssl0563 8.9 (8) 5.53 Synechocystis [66] and Anabaena [67] mutants
contain PS I core, but lack terminal electron
donors and the PsaD and PsaE proteins
PsaD Slr0737 15.6 (17.7) 9.37 Ferredoxin or £avodoxin reduction decreased
or absent in Synechocystis mutants [13,14]
PsaE Ssr2831 8.0 (8) 9.19 Ferredoxin or £avodoxin reduction decreased
in Synechocystis mutants [14,68]
PsaF Sll0819 15.7 (15.8) 7.25 No e¡ect on photosynthesis in Synechocystis
[14], Synechococcusa [69] or Synechococcus
elongatus [70] mutants
PsaI Smr0004 4.3 (3.4) 3.62 PsaL assembly and trimer formation altered
in the Synechocystis [41] and Synechococcus
[42] mutants
PsaJ Sml0008 4.4 (3.0) 5.23 PsaF assembly and organization a¡ected in
the mutants [28]
PsaK/K2 Ssr0390/sll0629 8.5/13.7 (5.1) 10.52/10.09 No e¡ect on PS I activity when PsaK1 or
PsaK2 or both genes inactivated in
Synechocystis [46]
PsaL Slr1655 16.6 (14.3) 4.39 No PS I trimers in the Synechocystis [49] and
Synechococcus [42] mutants
PsaM 3.4 (2.8) 6.78 Less trimer formation in the PsaM-less
mutants of Synechocystis [46]
PsaU Not detected 3 ? Detected in the crystal structure
aSynechocystis, Synechocystis sp. PCC 6803; Synechococcus, Synechococcus sp. PCC 7002.
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tured C- and N-termini [18]. Therefore, assembly of
PsaD into the PS I complex confers structural ri-
gidity to the protein through extensive interprotein
interactions with the PsaA, PsaB, PsaL, PsaM, and
PsaC proteins. Because of the high proportion of
unstructured regions in PsaD, the attempts to deter-
mine its solution structure have proved futile.
2.2. PsaE
Cyanobacterial PsaE is a slightly basic, water-solu-
ble protein that contains 69^75 residues. NMR struc-
tures of PsaE from two cyanobacterial species are
known. Synechocystis sp. PCC7002 showed that
PsaE is composed of an antiparallel ¢ve-stranded
L-sheet. There is no helical region except for a single
turn of 310 helix between two L-strands [19,20].
NMR spectroscopy was used to determine the solu-
tion structure of PsaE from Nostoc sp. strain PCC
8009 [21] and Synechococcus sp. strain PCC 7002.
The PsaE protein adopts the L topology of an SH3
domain, with ¢ve L strands and a turn of 310 helix.
Di¡erences between these two cyanobacterial PsaE
proteins are mostly con¢ned to the CD loop region,
which varies in length and sequence among PsaE
from di¡erent organisms. The structures of the solu-
ble PsaE and of the PsaE in PS I complex are not
signi¢cantly di¡erent.
Three di¡erent roles of PsaE have been reported in
the literature so far. First, The turnover of PS I was
increased in the PsaE-de¢cient mutant from Synecho-
cystis sp. PCC 6803 [22]. Therefore, PsaE is impor-
tant for the stable assembly of PS I. Second, PsaE
facilitates the interaction between ferredoxin and PS
I. The PsaE-de¢cient mutant had much reduced ac-
tivity of ferredoxin reduction [14]. Site-directed mu-
tagenesis of R9 to glutamine in PsaE from Synecho-
cystis sp. PCC 6803 severely a¡ected the activity of
ferredoxin reduction, indicating that this residue is
involved in the interaction with ferredoxin [23]. It
has been proposed that R39 controlled the electro-
static interaction with ferredoxin [24]. Third, PsaE
may be required for the electron transfer around
PS I [25]. The PsaE-de¢cient mutant from Synecho-
cystis sp. PCC 7002 grows much more slowly than
the wild-type strain at low light intensities [26]. This
mutant is also unable to grow under stringent photo-
heterotrophic conditions (with glucose and DCMU
in light). This phenotype suggested that PsaE might
a¡ect the cyclic electron transfer around PS I. When
methyl viologen was added as an inhibitor of cyclic
electron £ow, the P700 reduction rates for the wild-
type and the PsaE-less mutant were similar [25].
Slower P700 reduction in the mutant is found in
the presence of DCMU and adding CN3 in the pres-
ence of DCMU increased the rate of P700 reduc-
tion in the mutant, but remained slower than in the
wild-type. These observations show that the cyclic
electron transfer pathway depends on the presence
of PsaE in PS I. The PsaE-less mutant of Synecho-
cystis sp. PCC 6803 also shows similar, but less se-
vere phenotype.
3. Integral membrane subunits
3.1. PsaF
The psaF gene in Synechocystis sp. PCC 6803 en-
codes a mature protein of 15 705 Da that is synthe-
sized with a 23-amino-acid extension [27]. PsaF is an
integral membrane protein with substantial N-termi-
nal domain exposed on the luminal side of PS I.
PsaF and PsaJ interact with each other [28]. Several
chlorophyll a molecules are located in the PsaF^PsaJ
region indicating that PsaF binds chlorophyll a mol-
ecules. PsaF was isolated as a chlorophyll-binding
protein [29]. Electron spectrum studies suggested
that the subunits PsaF/J/I bind about ¢ve chloro-
phyll a molecules of PS I antenna [30]. These results
are consistent with the recent structural studies [9].
The PsaF-de¢cient strain of Synechocystis sp.
PCC6803 does not exhibit any defect in the photo-
autotrophic growth, cytochrome c6-dependent
NADP photoreduction activity or P700 rereduc-
tion kinetics [14,27,31,32]. Also, the removal of PsaF
from PS I complex of Synechocystis elongatus had no
e¡ect on electron transfer from cytochrome c6 to
P700 [33]. In contrast, PsaF was proposed to func-
tion as the plastocyanin or cytochrome c6 docking
site on the oxidizing side of PS I in eukaryotic cells
based on biochemical depletion and chemical cross-
linking experiments [34^36]. Inactivation of the psaF
gene from Chlamydomonas reinhardtii resulted a mu-
tant that still assembles functional PS I complex and
is capable of photoautotrophic growth. However, the
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electron transfer from plastocyanin to P700 is dra-
matically reduced in the mutant, thereby providing
the evidence that PsaF plays an important role in
docking plastocyanin to PS I in chloroplasts
[37,38]. This controversial function of PsaF between
plants and cyanobacteria was addressed by the pecu-
liarities of molecular recognition between plastocya-
nin and PsaF [31]. Two conserved negative patches
in plant plastocyanin were cross-linked with lysine
residues in the N-terminal domain of PsaF in plants.
The lysine-rich region is absent in cyanobacteria.
Adding this lysine-rich region, the ¢rst 83 amino
acids from C. reinhardtii to PsaF of S. elongatus
resulted in an increased rate of P700 reduction
due to the interaction between this lysine-rich region
and plastocyanin [39]. More recent study indicated
that the lysine-rich region is su⁄cient for the binding
of the donor proteins, but not for the electron trans-
fer within the intermolecular complex [40]. The func-
tions of plant PsaF and cyanobacterial PsaF are dif-
ferent, indicating that selection pressure led to
evolution of plastocyanin and plant PsaF toward
fast electron transfer.
3.2. PsaI
This is one of the 3^4 very small proteins in the
cyanobacterial PS I complexes that contain only one
transmembrane helix and very small extramembrane-
ous region. The deduced amino acid sequences of
PsaI from plants and cyanobacteria share high de-
gree of conservation [41]. Analysis of the PsaI-de¢-
cient mutant showed that the growth rate of the mu-
tant was identical to that of wild-type under low or
high intensity of white light but slower than wild-
type in green light [42]. The PsaI-de¢cient mutant
Synechocystis sp. PCC 6803 revealed the role of
PsaI in normal organization of the PsaL subunit of
PS I [41]. The absence of PsaI results in a complete
loss of PsaL from the PS I complex upon detergent
extraction. PsaL in the membranes of the wild-type
and the PsaI-de¢cient mutant showed equal resis-
tance to removal by chaotropic extraction, but ex-
hibited an increased susceptibility to proteolysis in
the mutant strain [41]. Therefore, a structural inter-
action between PsaL and PsaI may stabilize associa-
tion of PsaL with the PS I core.
3.3. PsaJ
PsaJ is a 4.4 kDa hydrophobic subunit, which has
been identi¢ed in PS I preparations from cyanobac-
teria and higher plants [28,43]. Analysis of PsaJ-de-
¢cient mutant in Synechocystis sp. PCC 6803 showed
that PsaJ is not required for the electron transfer in
PS I, but may interact with both PsaE and PsaF [28].
These interactions may maintain the stable PS I
structure. PsaJ in C. reinhardtii was found to main-
tain PsaF in a proper orientation, which allowed fast
electron transfer from soluble donor proteins to
P700 [44].
3.4. PsaK
PsaK is an integral membrane protein in PS I
complex. The complete sequence of Synechocystis
sp. PCC 6803 genome reveals the presence of two
unlinked psaK genes [45]. The orf ssr0390 encodes
an 86-amino-acid subunit which has been identi¢ed
PsaK1 in the PS I complex, whereas the orf ssr0629
encodes a protein with 126 amino acids which was
recently shown to be present in substoichiometric
amounts in the PS I complexes [46]. The C-terminus
is suggested to be embedded inside the PS I complex
and is important for the assembly of PsaK1 into the
PS I complex [47]. The role of PsaK in PS I has been
studied by using the PsaK-de¢cient mutants. Char-
acterization of PsaK1- and PsaK2-de¢cient mutants
did not show any signi¢cant defect in the function of
PS I [46,48]. PsaK1 or PsaK2 binds one chlorophyll
a molecules from total 89 in PS I [30].
3.5. PsaL
Comparison of deduced primary sequences indi-
cates that the PsaL subunits contain a greater diver-
sity than seen in other subunits [3]. Function of PsaL
in the formation of PS I trimers was revealed by the
inactivation of the psaL gene in Synechocystis sp.
PCC 6803 [49]. The requirement of PsaL for the
trimer formation was later con¢rmed in a PsaL-de¢-
cient mutant from Synechococcus sp. PCC 7002 [42].
Recent study showed that the C-terminus of PsaL is
embedded inside the monomeric PS I complex and is
involved in trimer formation [47]. Another role of
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PsaL is in binding to some antenna chlorophyll a
molecules [9,30].
3.6. PsaM
PsaM is a very small subunit of about 29 amino
acids, which is detected only in cyanobacterial PS I
[50]. It contains a hydrophobic domain £anked by
hydrophilic termini [51]. The PsaM-de¢cient mutant
Synechocystis sp. PCC 6803 has similar phenotype to
wild-type. The other subunits PsaA/B, PsaC, PsaD,
PsaE, PsaF, PsaL, PsaI, PsaJ and PsaK are present
in the membranes and PS I of the PsaM-de¢cient
mutant. This mutant has less trimers than wild-
type, it suggests that PsaM could function in stabi-
lizing the trimers [46]. The PS I complexes of the
PsaM-less mutants are de¢cient in ¢ve antenna chlo-
rophyll a molecules from total 8^9 in the PS I com-
plex [30].
3.7. PsaU or PsaX
This is a small peptide in PS I with one transmem-
brane helix. This protein has been detected in the
crystal structure of PS I complexes from S. elongatus
and is referred to as PsaU or PsaX [9]. A homolo-
gous protein is not detected in other PS I complexes
or a gene encoding a highly homologous protein is
not found in the genome of Synechocystis sp. PCC
6803.
4. Post-translational modi¢cations of PS I proteins
Post-translational modi¢cations provide an e⁄-
cient and rapid means to regulate protein function.
Phosphorylation and its successful use in enzyme reg-
ulation have been documented extensively. There are
additional ways by which proteins are modi¢ed in a
cell [52]. The application of a wide range of biochem-
ical studies has identi¢ed several post-translational
modi¢cations on the D1 and D2 proteins of PS II.
These include N- and C-terminal proteolytic process-
ing [53], acetylation [53], lipid attachment and acyla-
tion [54], and phosphorylation [53,55,56]. Recently,
high-resolution electrospray mass spectrometry was
used to identify and document modi¢cations in
many PS II proteins [57^59]. Many of these covalent
alterations could be associated with the biosynthesis,
assembly or degradation of PS II. Post-translational
modi¢cations have not been studied in PS I, but
there are many reports of heterogeneity in PS I pro-
teins. Five PS I proteins show polymorphism in an
amphidiploid species Nicotiana tabacum [60]. The
PsaD, PsaF, PsaH, and PsaL proteins have two iso-
forms each that are distinguished by di¡erent mobil-
ity in polyacrylamide gel electrophoresis, and PsaE
has four isoforms. Two electrophoretically distinct
isoforms of the PsaD protein of PS I are found in
tomato, Arabidopsis thaliana, and corn, and two iso-
forms of the PsaE subunit have been detected in
tomato, A. thaliana, and red bean [60]. In most of
these cases, it is not known if the isoforms are de-
rived from di¡erent genes or result from post-trans-
lational modi¢cations. In Synechocystis sp. PCC
6803, several isoforms of PsaC, PsaD, and PsaE
can be observed upon two-dimensional electrophore-
sis of the proteins of thylakoid membranes [61^63].
The presence of these isoforms is demonstrated in
puri¢ed PS I complexes (Fig. 1). Synechocystis sp.
PCC 6803 contains only one copy of each of these
Fig. 1. Isoforms of the peripheral proteins of cyanobacterial PS
I. The proteins of trimeric PS I complexes of Synechocystis
were resolved by two-dimensional gel electrophoresis. The ¢rst
dimension was performed on immobilized pH gradient strips
(3^10 nonlinear pH gradient) whereas the second dimension
consisted of electrophoresis on a Tricine^urea^SDS gel. The
proteins were identi¢ed by peptide mass ¢ngerprinting with
mass spectrometry.
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genes. Therefore, the isoforms that di¡er in pI must
result from the modi¢cations of proteins that neu-
tralize existing charged residues or generate charged
side chains in the proteins. Partial modi¢cations of
the amino and carboxyl termini could also cause iso-
forms. The di¡erential modi¢cations of the PS I pro-
teins could have many functional and physiological
roles. For example, the modi¢cations may be in-
volved in the biogenesis of these proteins. Alterna-
tively, the modi¢cations could regulate the function
of PS I by modulating its interaction with soluble
and membrane-bound components. A systematic
study of post-translational modi¢cations of PS I pro-
teins is needed in an organism, such as Synechocystis
sp. PCC 6803, in which all PS I genes have been
sequenced and physiological investigations can be
performed.
5. Concluding remarks
In the last 15 years, a combination of genetic, bio-
chemical and biophysical studies have achieved pro-
gress in understanding of how PS I functions. Only
PsaA, PsaB and PsaC are involved directly in the
electron transfer from plastocyanin on the luminal
side to ferredoxin on the stromal side. However,
the electron transfer is made e⁄cient only in the
presence of the proper assembly of the other sub-
units.
Many cyanobacterial species can be transformed
and the transforming DNA can be recombined in
the genome using homologous recombination. These
properties have allowed targeted deletion or inacti-
vation of speci¢c genes and introduction of site-di-
rected mutations. In Synechocystis sp. PCC 6803,
mutants for all proteins of PS I have been reported.
Mutants for some PS I subunits have also been re-
ported in Synechococcus sp. PCC 7002, Anabaena
variabilis and S. elongatus. Analysis of these mutants
has revealed the roles of PS I proteins in the organi-
zation and function of PS I. However, roles of some
proteins of PS I are not evident from the phenotypes
of the cyanobacterial mutants.
The cyanobacterial mutants that lack PsaK1,
PsaK2, PsaM, PsaL, PsaI, PsaJ, and PsaF do not
a¡ect photoautotrophic growth or photosynthetic
electron transfer rates. Therefore, in these mutants
the de¢ciency is not rate limiting for photosynthesis.
In most of these mutants, the electron transfer activ-
ity of PS I and rates of electron transfer within PS I
are also not a¡ected. Algae and higher plants contain
homologous PsaF, PsaK, PsaI, PsaJ, and PsaL pro-
teins. The structural conservation of these during
evolution implies that their role provides critical ad-
vantage to the organism. For some of these proteins,
such as PsaF and PsaJ, the functions are clearly evi-
dent from the phenotypes of the algal and plant mu-
tants. However, their function in cyanobacteria re-
mains a mystery. Recent structural analysis has
shown that these integral membrane proteins bind
chlorophyll a and carotenoid molecules. However,
the absence of these proteins and consequent lack
of associated cofactors does not decrease the e⁄-
ciency of PS I complexes by a detectable margin.
The absence of phenotype in many cyanobacterial
mutants could result from many reasons. First, the
presence of these proteins is important for PS I func-
tion only under certain growth conditions, which
have not been tested. In nature, the cyanobacteria
experience much greater £uctuations in the environ-
mental and nutritional conditions than what could
be tested in the laboratory. Second, these proteins
o¡er evolutionary advantage, which is minor, but
signi¢cant. Competition experiments with the wild-
type and mutant strains grown together under di¡er-
ent conditions could test this possibility. Third, the
expression or overexpression of other genes in the
genome compensates the defect caused by these pro-
teins. This possibility can be examined by global
analysis of genome expression in the mutants. There-
fore, technology has now become available to under-
stand the lack of apparent phenotype in some of the
cyanobacterial mutants.
Acknowledgements
The author’s research on PS I has been supported
by grants from NSF, USDA and NIH. The work is
also supported by the Hatch Act and State of Iowa
funds. This is Journal Paper No. J-19546 of the Iowa
Agriculture and Home Economics Experiment Sta-
tion, Ames, Iowa, Project No. 3416.
BBABIO 45082 12-10-01
W. Xu et al. / Biochimica et Biophysica Acta 1507 (2001) 32^4038
References
[1] P.R. Chitnis, Annu. Rev. Plant Physiol. Plant Mol. Biol. 52
(2001) 593^626.
[2] K. Brettel, Biochim. Biophys. Acta 1318 (1997) 322^373.
[3] P. Manna, P.R. Chitnis, in: G.S. Singhal, G. Renger, S.K.
Sapory, K.-D. Irrgang, Govindjee (Eds.), Concepts in Photo-
biology: Photosynthesis and Photomorphogenesis, Kluwer
Academic Publishers, Dordrecht, 1999, pp. 212^251.
[4] A. Kitmitto, A.O. Mustafa, A. Holzenburg, R.C. Ford,
J. Biol. Chem. 273 (1998) 29592^29599.
[5] J.S. Okkels, S. Nielsen, H.V. Scheller, B.L. MÖller, Plant
Mol. Biol. 18 (1992) 989^994.
[6] H.V. Scheller, B.L. Moller, Physiol. Plant. 78 (1990) 484^
494.
[7] L.A. Staehelin, G.W.M. van der Staay, in: D.R. Ort, C.F.
Yocum (Eds.), Oxygenic Photosynthesis : The Light Reac-
tions, Kluwer Academic Publishers, Dordrecht, 1996, pp.
11^30.
[8] D.M. Sherman, T.A. Troyan, L.A. Sherman, Plant Physiol.
106 (1994) 251^262.
[9] P. Fromme, P. Jordan, N. Krauss, Biochim. Biophys. Acta
1507 (2001) 5^31.
[10] P.R. Chitnis, P.A. Reilly, N. Nelson, J. Biol. Chem. 264
(1989) 18381^18385.
[11] V.P. Chitnis, Y.-S. Jung, L. Albee, J.H. Golbeck, P.R. Chit-
nis, J. Biol. Chem. 271 (1996) 11772^11780.
[12] Q. Xu, T.S. Armbrust, J.A. Guikema, P.R. Chitnis, Plant
Physiol. 106 (1994) 1057^1063.
[13] C. Lelong, P. Setif, B. Lagoutte, H. Bottin, J. Biol. Chem.
269 (1994) 10034^10039.
[14] Q. Xu, Y.S. Jung, V.P. Chitnis, J.A. Guikema, J.H. Gol-
beck, P.R. Chitnis, J. Biol. Chem. 2693 (1994) 21512^21518.
[15] J. Hanley, P. Setif, H. Bottin, B. Lagoutte, Biochemistry 35
(1996) 8563^8571.
[16] P. Barth, B. Lagoutte, P. Setif, Biochemistry 37 (1998)
16233^16241.
[17] P. Jin, J. Sun, P.R. Chitnis, Biochim. Biophys. Acta 1410
(1999) 7^18.
[18] Z. Xia, R.W. Broadhurst, E.D. Laue, D.A. Bryant, J.H.
Golbeck, D.S. Bendall, Eur. J. Biochem. 255 (1998) 309^
316.
[19] C.J. Falzone, Y.H. Kao, J. Zhao, D.A. Bryant, J.T. Le-
comte, Biochemistry 33 (1994) 6052^6062.
[20] C.J. Falzone, Y.H. Kao, J. Zhao, K.L. MacLaughlin, D.A.
Bryant, J.T. Lecomte, Biochemistry 33 (1994) 6043^6051.
[21] K.L. Mayer, G. Shen, D.A. Bryant, J.T. Lecomte, C.J. Fal-
zone, Biochemistry 38 (1999) 13736^13746.
[22] P.R. Chitnis, N. Nelson, in: J. Argyroudi-Akoyunoglou
(Ed.), Chloroplast Biogenesis, Plenum Press, New York,
1992, pp. 285^290.
[23] B. Lagoutte, P. Barth, P. Setif, in: P. Mathis (Ed.), Photo-
synthesis : From Light to Biosphere, Vol. II, Kluwer Aca-
demic Publishers, Dordrecht, 1995, pp. 71^74.
[24] P. Barth, I. Guillouard, P. Setif, B. Lagoutte, J. Biol. Chem.
275 (2000) 7030^7036.
[25] L. Yu, J. Zhao, U. Mu«hlenho¡, D.A. Bryant, J.H. Golbeck,
Plant Physiol. 103 (1993) 171^180.
[26] J. Zhao, W.B. Snyder, U. Muhlenho¡, E. Rhiel, P.V. War-
ren, J.H. Golbeck, D.A. Bryant, Mol. Microbiol. 9 (1993)
183^194.
[27] P.R. Chitnis, D. Purvis, N. Nelson, J. Biol. Chem. 266
(1991) 20146^20151.
[28] Q. Xu, W.R. Odom, J.A. Guikema, V.P. Chitnis, P.R. Chit-
nis, Plant Mol. Biol. 2624 (1994) 291^302.
[29] S. Anandan, A. Vainstein, P. Thornber, FEBS Lett. 256
(1989) 150^154.
[30] V. Soukoulis, S. Savikhin, W. Xu, P.R. Chitnis, W.S. Struve,
Biophys. J. 76 (1999) 2711^2715.
[31] M. Hippler, J. Reichert, M. Sutter, E. Zak, L. Altschmied,
U. Schro«er, R.G. Herrmann, W. Haehnel, EMBO J. 15
(1996) 6374^6384.
[32] Q. Xu, L. Yu, V.P. Chitnis, P.R. Chitnis, J. Biol. Chem. 269
(1994) 3205^3211.
[33] H. Hatanaka, K. Sonoike, M. Hirano, S. Katoh, Biochim.
Biophys. Acta 1141 (1993) 45^51.
[34] M. Hippler, R. Ratajczak, W. Haehnel, FEBS Lett. 250
(1989) 280^284.
[35] R.M. Wynn, R. Malkin, Biochemistry 27 (1988) 5863^5869.
[36] R.M. Wynn, C. Luong, R. Malkin, Plant Physiol. 91 (1989)
445^449.
[37] J. Farah, F. Rappaport, Y. Choquet, P. Joliot, J.D. Ro-
chaix, EMBO J. 14 (1995) 4976^4984.
[38] M. Hippler, F. Drepper, J. Farah, J.D. Rochaix, Biochem-
istry 36 (1997) 6343^6349.
[39] M. Hippler, F. Drepper, J.D. Rochaix, U. Muhlenho¡,
J. Biol. Chem. 274 (1999) 4180^4188.
[40] J. Sun, Ph.D. Thesis, Department of Biochemistry and Bio-
physics, Iowa State University, Ames, 1999.
[41] Q. Xu, D. Hoppe, V.P. Chitnis, W.R. Odom, J.A. Guikema,
P.R. Chitnis, J. Biol. Chem. 270 (1995) 16243^16250.
[42] W.M. Schluchter, G. Shen, J. Zhao, D.A. Bryant, Photo-
chem. Photobiol. 64 (1996) 53^66.
[43] M. Ikeuchi, K.J. Nyhus, Y. Inou, H.B. Pakrasi, FEBS Lett.
287 (1991) 5^9.
[44] N. Fischer, E. Boudreau, M. Hippler, F. Drepper, W. Haeh-
nel, J.D. Rochaix, Biochemistry 38 (1999) 5546^5552.
[45] T. Kaneko, S. Tabata, Plant Cell Physiol. 38 (1997) 1171^
1176.
[46] S. Naithani, J.M. Hou, P.R. Chitnis, Photosynth. Res. 63
(2000) 225^236.
[47] H. Tang, P.R. Chitnis, Ind. J. Biochem. Biophys. 37 (2000)
1^8.
[48] H. Nakamoto, M. Hasegawa, Plant Cell Physiol. 40 (1999)
9^16.
[49] V.P. Chitnis, P.R. Chitnis, FEBS Lett. 336 (1993) 330^334.
[50] M. Ikeuchi, K. Sonoike, H. Koike, H. Pakrasi, Y. Inoue,
Plant Cell Physiol. 33 (1993) 1057^1063.
[51] P.R. Chitnis, V.P. Chitnis, Q. Xu, Y.-S. Jung, L. Yu, J.H.
Golbeck, in: P. Mathis (Ed.), Photosynthesis: From Light to
Biosphere, Vol. II, Kluwer Academic Publishers, Dordrecht,
1995, pp. 17^22.
BBABIO 45082 12-10-01
W. Xu et al. / Biochimica et Biophysica Acta 1507 (2001) 32^40 39
[52] D. Graves, D. B. Martin, J. Wang, Co- and Post-transla-
tional Modi¢cation of Proteins: Chemical Principles and
Biological E¡ects, Oxford University Press, New York,
1994.
[53] H. Michel, D.F. Hunt, J. Shabanowitz, J. Bennett, J. Biol.
Chem. 263 (1988) 1123^1130.
[54] A.K. Mattoo, M. Edelman, Proc. Natl. Acad. Sci. USA 84
(1987) 1497^1501.
[55] T.D. Elich, M. Edelman, A.K. Mattoo, J. Biol. Chem. 267
(1992) 3523^3529.
[56] T.D. Elich, M. Edelman, A.K. Mattoo, EMBO J. 12 (1993)
4857^4862.
[57] J. Sharma, M. Panico, J. Barber, H.R. Morris, J. Biol.
Chem. 272 (1997) 33153^33157.
[58] J. Sharma, M. Panico, J. Barber, H.R. Morris, J. Biol.
Chem. 272 (1997) 3935^3943.
[59] J. Sharma, M. Panico, C.A. Shipton, F. Nilsson, H.R. Mor-
ris, J. Barber, J. Biol. Chem. 272 (1997) 33158^33166.
[60] J. Obokata, K. Mikami, N. Hayashida, M. Nakamura, M.
Sugiura, Plant Physiol. 102 (1993) 1259^1267.
[61] T. Sazuka, O. Ohara, Electrophoresis 18 (1997) 1252^1258.
[62] T. Sazuka, M. Yamaguchi, O. Ohara, Electrophoresis 20
(1999) 2160^2171.
[63] Y. Wang, J. Sun, P. Chitnis, Electrophoresis 21 (2000) 1746^
1754.
[64] L.B. Smart, N.R. Bowlby, S.L. Anderson, I. Sithole, L. Mc-
Intosh, Plant Physiol. 104 (1994) 349^354.
[65] G. Shen, S. Boussiba, W.F. Vermaas, Plant Cell 5 (1993)
1853^1863.
[66] L. Yu, L.B. Smart, Y.S. Jung, J. Golbeck, L. McIntosh,
Plant Mol. Biol. 29 (1995) 331^342.
[67] R.M. Mannan, H.B. Pakrasi, K. Sonoike, Arch. Biochem.
Biophys. 315 (1994) 68^73.
[68] F. Rousseau, P. Setif, B. Lagoutte, EMBO J. 12 (1993)
1755^1765.
[69] F. Yang, G. Shen, W.M. Schluchter, B.L. Zybailov, A.O.
Ganago, D.A. Bryant, J.H. Golbeck, J. Phys. Chem. B 102
(1998) 8288^8299.
[70] U. Muhlenho¡, F. Chauvat, Mol. Gen. Genet. 252 (1996)
93^100.
BBABIO 45082 12-10-01
W. Xu et al. / Biochimica et Biophysica Acta 1507 (2001) 32^4040
